Introduction
Piezo-active composites often show a remarkable ability to convert mechanical energy into electric energy and vice versa. In the last decades these materials have been studied and developed [1, 2] in an attempt to improve their performance for sensor, hydrophone and other applications.
The application of single crystals (SCs) of perovskite-type relaxor-ferroelectric (1 -x)Pb(Mg 1/3 Nb 2/3 )O 3 -xPbTiO 3 (PMN-xPT) and (1 -y)Pb(Zn 1/3 Nb 2/3 )O 3 -yPbTiO 3 (PZN-yPT) solid solutions as highly effective components of novel piezo-active composites has been discussed in recent papers (see, for instance, Refs. [2] [3] [4] [5] [6] . The use of SCs with "engineered domain structures" [7] and compositions near the morphotropic phase boundary [7] [8] [9] are of significant interest due to their excellent electromechanical properties compared to those of conventional piezoelectric ceramics [2, 10] . Results on the relaxor-ferroelectric SC / polymer composites with 2-2 [11] [12] [13] [14] , 1-3 [3-6, 15, 16] and 0-3 [17] connectivity patterns (in terminology of Newnham et al. [18] ) show that the domain-engineered PMN-xPT and PZN-yPT SCs promote high piezoelectric sensitivity, activity and significant hydrostatic piezoelectric response within specific ranges of volume fractions of components. The role of the relaxor-ferroelectric SC as a component in 1-3-type composites has also been analysed [4] to demonstrate the volume fraction ranges in which the effective composite parameters are most sensitive to material properties and composite architecture. Related 0-3 SC / polymer composites and maxima of their effective parameters were considered in paper [17] . At present it is not yet fully understood how the SC component influences the piezoelectric response of 0-3 composites with isolated ferroelectric inclusions that are surrounded by a matrix with piezoelectric properties (e.g., ferroelectric ceramic or polymer).
This work is concerned with a prediction of the effective piezoelectric properties of the 0-3-type composites based on PMN-xPT SCs.
In the present paper we discuss features of the performance of the 0-3-type SC-based composites for piezoelectric sensor and related applications. To compare the performance and identify potential novel architectures, we consider composites that contain SC inclusions embedded in one of the following matrices: polymer, porous ceramic or monolithic ceramic. For comparison, the effective electromechanical properties of the piezo-active composites are predicted using different methods, and an emphasis is placed on the piezoelectric coefficients that characterise the longitudinal response of the studied composites on the poling direction.
Methods for Modelling of Effective Electromechanical Properties
In this study we consider composites with the spheroidal SC inclusions (Fig. 1 ) that are uniformly aligned in the matrix and form a periodic structure. In each inclusion the main crystallographic axes are oriented as follows: X || OX 1 , Y || OX 2 and Z || OX 3 . It is assumed that centres of symmetry of the inclusions occupy sites of a simple lattice with unit-cell vectors parallel to the OX j axes shown in Fig. 1 . The SC inclusions have a spontaneous polarisation P s (1) || Z || OX 3 , and the composite sample as a whole is poled along the OX 3 axis. The composite is characterised by 0-3 connectivity in case of the monolithic matrix and by 0-3-0 connectivity in the case of a porous matrix (3-0 connectivity) with a system of isolated air inclusions. It is assumed that the spherical air inclusions are uniformly distributed in the ceramic matrix and the radius of each air inclusion is much less than the length of each semiaxis a j of the spheroidal inclusion.
To determine the effective electromechanical properties of the 0-3-type composite with the above-described microgeometry, it is possible to apply averaging procedures [2, [19] [20] [21] , that allow for an electromechanical interaction between the piezo-active SC inclusions in the composite matrix. The first procedure is based on the effective field method (EFM), i.e., the Mori -Tanaka method [22] generalised for heterogeneous piezoelectric media [19] [20] [21] . In the EFM, an individual inclusion within the matrix, which is under an external electroelastic field, is subjected to the action of an unknown average (so-called effective) electroelastic field. This average field is a result of the external field applied to the matrix (and, therefore, to the composite sample as a whole) wherein the interaction between the inclusions plays the key role. The second procedure is based on the effective medium method (EMM). In the EMM, a single inclusion is considered to be surrounded by a homogenised (effective) medium, and this medium is regarded as a matrix with similar inclusions. The EFM and EMM represent two self-consistent schemes for the calculation of the full set of electromechanical constants, and the electromechanical interaction between the inclusions in the matrix plays a key role in determining the effective properties. Using the equivalent inclusion approach, the coupled electroelastic behaviour of the 0-3 ferroelectric ceramic / polymer composite with spheroidal inclusions has been previously modelled [19] [20] [21] [22] [23] in a wide range of the volume fraction m.
The effective electromechanical properties of the 0-3-type composite are represented in the general form [2, 24] as
where
is the 9  9 matrix that characterises the electromechanical properties of the inclusions (n = 1) and the surrounding medium (n = 2) in the 0-3 composite, || A || is the mechanical strain -electric field concentration matrix (9  9 matrix), || c (n),E || is the 6  6 matrix of elastic moduli measured at constant electric field, || e (n) || is the 6  3 matrix of piezoelectric coefficients, ||  (n), || is the 3  3 matrix of dielectric permittivities measured at constant mechanical strain, and superscript t denotes the transposition. The matrix ||A|| from Eq. (1) is related to the boundary conditions in the "inclusion -surrounding medium" region and written [2, 19, 21, 24] as follows:
(EFM) or
(EMM), where || I || is the 9  9 identity matrix, || S || is the 9  9 matrix containing components of the Eshelby electroelastic tensor [19, 21, 24] and || C* || is the 9  9 matrix from Eq. (1). Elements of || S || from Eqs. (2) and (3) depend on electromechanical constants of the matrix of the 0-3 composite and on the aspect ratio  = a 1 / a 3 of the SC spheroidal inclusions. In the EMM, effective electromechanical constants are calculated as a result of a series of iterations involving Eqs. (3) and (1). Electromechanical constants of the porous ceramic matrix with 3-0 connectivity are determined from an expression used in the dilute approach [25] ||
where || C (FC) || describes the electromechanical properties of monolithic ceramic, m p is the volume fraction of the air inclusions (i.e., porosity of the ceramic matrix in the composite sample) and || S || is calculated by taking into account elements of || C (FC) || and the shape of the air inclusions ( = 1).
In the case of the 0-3-0 composite matrix, || C (2) || from Eq. (4) is then substituted into Eq. (1) and taken into account when determining || A || and || S || from Eqs. (2) and (3).
In the present study the COMSOL package [26] is applied to obtain the volume-fraction dependence of the effective electromechanical properties of the 0-3 composite based on a SC with high piezoelectric activity. In particular, a unit cell, containing the spheroidal inclusion ( Fig. 1) with radius adjusted to yield the appropriate volume fraction m, is discretised using tetrahedral elements. Their number, depending on the aspect ratio  of the spheroidal inclusion, varies from 320,000 to 760,000. The unknown displacement and electric-potential fields are interpolated using linear Lagrangian shape functions. The corresponding number of degrees of freedom varies from 200,000 to 500,000. Periodic boundary conditions are enforced on the boundary of the unit cell, and the matrix of effective constants of the composite is computed column-wise, performing calculations for diverse average strain and electric fields imposed to the structure. The Geometric
Multigrid [27] iterative solver (V-cycle, successive over-relaxation pre-and post-smoother, direct coarse solver) is employed. After solving the electro-elastic equilibrium problem, the effective electromechanical constants of the 0-3-type composite are computed, by averaging the resulting local stress and electric-displacement fields over the unit cell.
In the three aforementioned methods, the effective properties of the composite are determined in a long-wave approximation [2] , i.e., in a case when the wavelength of an external acoustic field is much longer than the semi-axes a 1 and a 3 of the separate inclusion ( 
and
In Eqs. (5) (5) - (8) are also linked [28] by the following equalities:
Taking into account electromechanical constants from Eqs. g + 2 * 31 g are hydrostatic piezoelectric coefficients of the composite. Electromechanical coupling factors characterise ability of any piezoelectric material to convert electric energy into mechanical energy and vice versa at different oscillation modes [10, 28] . Figures of merit are often used [1, 2, 11, 12, 15, 16] to describe the sensor signal-to-noise ratio of the piezoelectric element and to characterise its piezoelectric sensitivity.
Results and Discussion

Effective Piezoelectric Coefficients and Their Anisotropy
To predict the performance of the studied 0-3-type composites, we use complete sets of experimental electromechanical constants [9, 29, 30] involved in || C (n) || from Eqs. (1) - (4).
Room-temperature constants of components of the 0-3 SC-based composites considered in this paper are collected in Table 1 Electromechanical constants of porous ceramic of PMN-0.35PT were calculated using data on poled monolithic ceramic (see Table 1 ) and Eq. (4). Both the monolithic and porous ceramics in the poled state are characterised by mm symmetry. Contrary to the SC and ceramic components, araldite is the isotropic piezo-passive polymer material. The electromechanical constants listed in Table 1 ( Fig. 2 (e) ). The matrix of effective constants || C* || contains the piezoelectric coefficients (Fig. 2 (g) ) is primarily due to the difference between   * 33 ( Fig. 2 (f) ) and * 33 d (Fig. 2 (b) ). Of specific interest are curves of * 33 g (m) shown in Fig. 2 (c) . g of PMN-0.33PT SC [9] ) is attained in the presence of inclusions with  = 0.1 at volume fractions m  0.1 (Fig. 2 (c) ).
Results on the effective electromechanical properties of composites 2 and 3 ( Figs. 3 and 4) suggest that the piezoelectric coefficients * 33 X and electromechanical coupling factor X obtained using the EMM and FEM (Fig. 4) . We see, that due to R 1 > 0.9 in different cases (see curves 1, 2, 5, and 6 in Fig. 5 (a) ), the piezoelectric contribution from the longitudinal piezoelectric effect (i.e., the term e can exceed 90 %. For composite 1 at  = 0.1 and composite 3, the equality R 1 = R 2 holds with an accuracy to 1 % (cf.
Figs. 5 (a) and 5 (b)). For composites 1 -3, the inequality R 3 > R 1 is valid in a wide volumefraction range (cf. Figs. 5 (a) and 5 (c) ). As a result, the piezoelectric coefficient * 33 g that describes longitudinal sensitivity of the composite has a negligible contribution from the transverse electromechanical interaction between the SC inclusion and its surrounding matrix. It should be noted that a similar tendency is observed in composites with different matrices -from piezopassive polymer to highly piezo-active ceramic, and irrespective of piezoelectric sensitivity of the matrices.
To understand the volume-fraction behaviour of R 4 (m) (Fig. 5 (d) Table 1 ) has a significant influence on the balance of elastic moduli of the composite. As a consequence, R 4 varies in a wide range and can be non-monotonic ( The reason for this correlation is the transverse piezoelectric response of the composites studied:
on increasing the volume fraction m the electromechanical interaction between the SC inclusions becomes less sensitive so that the role of the piezoelectric coefficient * 31 e (m) increases.
The mutual arrangement of the curves for composites at  = 0.1 and  = 0.3 ( Fig. 5) suggests that the ratios R j and anisotropy factor  e undergo considerable changes for composite 1 only. This can be accounted for by the large difference between electromechanical constants of the highly piezo-active SC and piezo-passive polymer components of composite 1. However in composites 2 and 3 (ceramic matrix), the difference between electromechanical constants remains relatively small, so that small changes in curves of R j (m) and  e (m) are observed (see curves 3 and 4 or 5 and 6 in each graph of Fig. 5 ) on changing the aspect ratio  of the prolate SC inclusion.
Squared Figures of Merit
It is worth noting that squared figures of merit concerned with the longitudinal ( 
Conclusions
In the present paper modelling and property predictions have been carried out within the framework of the model of the 0-3 piezo-active composite with spheroidal SC inclusions in a large matrix (Fig. 1) 
